It is not clearly elucidated how the fusion technique improves the accuracy of endothelial shear stress (ESS) prediction, in comparison with that of three-dimensional (3D) quantitative coronary angiography (QCA) alone. We aimed to evaluate the difference in geometric measurements and haemodynamic estimation between 3D QCA and a 3D fusion model combining 3D QCA and optical coherence tomography (OCT). 
Aims
It is not clearly elucidated how the fusion technique improves the accuracy of endothelial shear stress (ESS) prediction, in comparison with that of three-dimensional (3D) quantitative coronary angiography (QCA) alone. We aimed to evaluate the difference in geometric measurements and haemodynamic estimation between 3D QCA and a 3D fusion model combining 3D QCA and optical coherence tomography (OCT). 
Methods and results
Computational fluid dynamics was assessed in the coronary models of 20 patients. In the plane-per-plane comparison, the difference and agreement were assessed using a generalized linear mixed model and concordance correlation coefficient (CCC), respectively. The haemodynamic feature around minimum-lumen-diameter (MLD) was characterized using CCC values calculated for 1-mm segments. In comparison with the 3D fusion model, 3D QCA showed a shorter maximum lumen diameter (2.54 ± 0.67 mm vs. 2.78 ± 0.73 mm, P < 0.001) and smaller lumen area (4.81 ± 2.56 mm 2 vs. 5.66 ± 2.97 mm 2 , P < 0.001), resulting in a significantly higher ESS (4.64 Pa vs. 3.78 Pa, p = 0.029). A more asymmetric lumen shape of the 3D fusion model was more likely associated with under-and overestimation of the maximum and minimum lumen diameters in the 3D QCA model, respectively. The circumferential ESS variations, which were blunted by 3D QCA, showed the worst concordance near the MLD site (CCC = 0.370) on segment-based comparison. 
.. Conclusion
The 3D fusion technique may be a more relevant tool for the haemodynamic simulation of coronary arteries through providing more accurate lumen characterization than 3D QCA. 
Introduction
Endothelial shear stress (ESS) plays a key role in early atheroma formation and the evolution of vulnerable plaque rupture 1,2 as main components of the mechanism underlying acute coronary syndrome. 3, 4 A computational fluid dynamics (CFD) study using three-dimensional (3D) reconstruction of coronary trees facilitates the in vivo evaluation of intra-luminal ESS patterns in order to predict the risk of plaque rupture and future events. Although modelling of high-fidelity coronary geometry is a prerequisite for the precise assessment of fluid dynamics, 5- 
Methods

Study population
A total of 20 patients (20 coronary artery lesions) who underwent preprocedural invasive coronary angiography (two planes with a viewing angle difference >40 ) and OCT between October 2011 and December 2013 were enrolled. All the patients had a lesion with a diameter stenosis (DS) >30% (visual estimation) within a native coronary artery. The exclusion criteria were the presence of acute myocardial infarction, haemodynamic instability, inaccessibility of the OCT catheter across the lesion, left main or ostial lesions, side branch lesions, in-stent restenosis, diffuse or tandem lesions with a total lesion length >30 mm, vessel size >4.0 mm, and poor OCT quality. All patients signed written informed consent prior to the study. The study was approved by the Institutional Review Board at Asan Medical Center.
Invasive imaging: coronary angiography and optical coherent tomography Catheterization was performed through the femoral or radial routes with standard catheters and coronary angiograms were digitally recorded. OCT images were acquired using a non-occlusive technique with the C7XRTM system and DragonFlyTM catheters (LightLab Imaging, Westford, MA, USA). The artery was cleared of blood by continuous flushing with iodixanol 370 (Visipaque; GE Health Care, Cork, Ireland) at a flow rate of 3.0 mL/s.
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3D coronary model reconstruction and morphological analysis
For the construction of the '3D QCA' model, two angiograms were selected at the end-diastolic phase of the cardiac cycle ( Figure 1A) . The corresponding images were imported into CAAS Workstation 5.11
(Pie Medical Imaging, Maastricht, the Netherlands), and the luminal area was semi-automatically segmented by experienced personnel according to the standard clinical definitions. 12 The 3D QCA model was automatically constructed by combining segmented lumen boundaries on CAAS Workstation 5.11 ( Figure 1B) . The '3D fusion' model was constructed by replacing the cross-section of the 3D QCA model with the luminal morphology segmented on OCT images (Supplementary data online).
The lumen boundary of the OCT image in the region of interest (ROI in Figure 1D ) was equidistantly positioned along the centreline of the 3D QCA model ( Figure 1C) , and the position and orientation of the OCT imaging plane were subsequently adjusted to match with the locations of anatomical landmarks such as the stenosis site and side branch. 6 By integrating the OCT data (ROI) and the rest of the 3D QCA model (except for the ROI), the 3D fusion model was generated ( Figure 1F ).
CFD simulation and ESS analysis
For ESS analysis, CFD simulations were conducted using the coronary models of 20 vessels ( Figure 1H ). The flow area in the coronary models that were assumed as rigid was discretized using Ansys ICEM CFD 15.0 (Ansys Inc., Canonsburg, PA, USA). The blood was modelled as incompressible (density = 1060 kg/m 3 ) and Newtonian (0.0035 kg/mÁs). A pulsatile flow was imposed, with the inflow rate estimated by the echocardiographic left-ventricular mass and resting perfusion (0.9 mL/g min).
13 Outflow boundary conditions were employed, and the flow fraction of each outlet was calculated by applying allometric laws. 14 The flow simulations were performed using Ansys Fluent 15.0 (Ansys Inc.) by setting the same conditions to the 3D QCA and 3D fusion models.
Morphological and haemodynamic comparison between coronary models
The 3D QCA and 3D fusion models were compared in the OCT imaging plane to identify the direct correlation with the morphological and haemodynamic metrics. For morphological assessment, the luminal area, and the maximum and minimum diameters were calculated and compared ( Figure  1I ). The ratio of the maximum to minimum diameters was also computed to estimate lumen asymmetry. To evaluate the haemodynamic impact of the morphological differences, the ESS and oscillatory shear index (OSI) were evaluated, and in-plane asymmetry (ESS max 30 /ESS min 30 ) was assessed by measuring their maximum and minimum values in the 30 lumen section with respect to the lumen centre (Supplementary data on line). To characterize the haemodynamic feature around the narrowed lesion, haemodynamic comparison was performed for the segment that was divided into 1-mm intervals with respect to the position of the angiographic minimum lumen diameter (MLD). The domains for the 1-mm-segment analysis included the entire ROI, MLD site (MLD -5 mm, MLD þ5 mm), and distal-MLD site (MLD, MLD þ5 mm), respectively.
Statistical analysis
Continuous values are presented as mean ± standard deviation or median and interquartile range, as appropriate. Categorical variables are presented as numbers and percentages. Generalized linear mixed models were applied to remove the clustering effect of the vessel when evaluating the differences in the morphological and haemodynamic variables. BlandAltman analysis was used to calculate the bias and limits of agreement in morphological assessment. Linear regression analysis was used to evaluate the correlation of lumen asymmetry with the morphological differences. The concordance correlation coefficient (CCC), which evaluates the agreement between variables on a scale of 0 (no agreement) to 1 (perfect agreement), was applied for all the variables. 15 Values of P < 0.05 were considered statistically significant. Statistical analyses were performed using R package and SPSS 17.0 for Windows (SPSS, Inc., Chicago, IL, USA).
Impact of coronary lumen reconstruction on the estimation of endothelial shear stress
Results
Patients
The baseline clinical and angiographic data are summarized in Table 1 .
A total of 20 vessels from 20 patients (11 left anterior descending arteries and 9 right coronary arteries) were included in the present study. The mean length of the ROI was 30.8 ± 8.8 mm.
After excluding the branching site, a total of 2884 planes within 612 segments were finally included. The DS of the ROI was 41% ± 11%.
Morphological comparison
Compared to the 3D fusion model, 3D QCA showed a shorter maximum lumen diameter and a smaller lumen area ( Table 2) . The underestimation of the lumen diameter with the 3D QCA model was observed in most OCT imaging planes (81.1%, 62.0%, and 73.7% for the maximum and minimum lumen diameters, and lumen area, respectively, Figure 2) . A more asymmetric lumen shape of the 3D fusion model was more likely associated with under-and overestimation of the maximum and minimum lumen diameters in the 3D QCA model, respectively. Although the luminal area showed a high concordance (CCC = 0.802), lumen asymmetry demonstrated a weak agreement in the luminal shape (CCC = 0.118). In case examples (Figure 3) , detailed changes in the luminal area were neglected in the 3D QCA model, and the discrepancy was most prominent in the ruptured area ( Figure 3B ).
Haemodynamic comparison
The 3D QCA model showed a significantly higher ESS as compared to the 3D fusion model ( Table 2) . ESS overestimation >0.5 Pa was found in 50.5% of the overall planes (Supplementary data online, Figure S2 ). The circumferential variations of the ESS (ESS max 30 / ESS min 30 ) that were blunted by the 3D QCA (vs. 3D fusion) model were lower in 1331 planes ( Table 2 ). The ESS max 30 /ESS min 30 and the maximum OSI section (OSI max 30 ) showed low agreement in plane-per-plane comparison (CCC < 0.5), and in the 1-mm-segment comparison on the MLD or distal-MLD site (Table 3) , the agreement between reconstruction methods was more impaired for those variables. For the lesion with multiple narrowing, only 3D fusion model detected the low and oscillatory patterns of ESS ( Figure  3A) , and in the ruptured lesion identified by OCT imaging, the haemodynamic variations were absent in 3D QCA model ( Figure 3B ).
Discussion
The major findings of the present study are as follows: (i) the 3D QCA (compared to 3D fusion) model generally underestimated the lumen size, which resulted in significant overestimation of the ESS; (ii) the discrepancies between the two models were particularly accentuated in the lesions with an asymmetric lumen; and (iii) as 3D QCA could not identify the delicate lumen contour, the circumferential variations and the oscillatory behaviours of the ESS were blunted by the 3D QCA (vs. 3D fusion) model. In the present study, the fusion technique combining 3D QCA and OCT showed significant differences in the assessment of both coronary geometry and haemodynamic forces with 3D QCA alone. The 3D QCA underestimated the luminal area and the lumen asymmetry compared with 3D fusion, as reported in the comparison studies of QCA and intravascular imaging. 8, 16, 17 In phantom experiments and histological comparison, OCT imaging has shown that it provides reproducible quantitative measurements of the coronary lumen with high accuracy and precision, including stented lesions. [17] [18] [19] On the other hand, although 3D QCA reconstructed by integrating multiple angiographic planes provides better information regarding luminal geometry than the 2D projected profile, 20,21 inaccurate edge detection and oversimplification of the lumen geometry remain as fundamental limitations. 20, 21 Thus, the accuracy of 3D QCA reconstruction is susceptible to luminal shape, angiographic angle, cardiac cycles, and vessel curvature. 16, 22 Combining imprecise lumen boundaries for 3D QCA model might exclude the longitudinal changes in the flow area and therefore hinder more accurate ESS estimation. Smaller lumen of 3D QCA model yielded a higher ESS, since the ESS in a circular conduit is inversely proportional to the cube of the lumen diameter (as per the Hagen-Poiseuille theory). Also, the 3D fusion model demonstrated the local flow patterns, including oscillating or circumferentially varying ESS, which were not captured by the 3D QCA model. This result was supported by the finding of Papafaklis et al. 23 that 3D fusion with OCT could detect detailed variations on ESS mapping in good agreement with IVUS-based 3D models. Meanwhile, in vitro experiment study reported that in 3D QCA model of concentric stenosis phantom, the lumen contour of the stenotic segment was smoothed, and the dissimilarity in ESS and OSI distributions was more pronounced around the lesions with significant stenosis. 24 Although the 3D QCA model was useful for assessing the ESS profile of normal-looking vessels, 25 it may lead to significant errors in the quantitative assessment of ESS metrics in the stenotic lesions.
In particular, coronary angiography was not sufficient to depict the complicated morphology of plaque rupture, due to the presence of image overlapping and poor resolution ( Figure 3B ). In the 3D fusion model, however, low ESS regions in the cavity containing recirculating or oscillatory flow were clearly demonstrated. At the site of plaque rupture, coronary flow is disturbed by the haemodynamic interplay with the deformed lumen, which might also affect the functional significance. 26 Thus, the fusion technique combining 3D QCA and highresolution OCT may facilitate the determination of the link between ESS distribution and the biological responses at the rupture site.
In the technical and practical points of view, the longitudinal positioning of intravascular imaging planes could be equivocal without appropriate landmarks. 27 For vessels with multiple bifurcations, the incorrect identification of side branches led to the disorientation of imaging planes in the ROI. 6 Also, 3D fusion model may suffer from the motion artifact 28 and geometric errors inherited from 3D QCA. In particular, oblique imaging, which imposed unrealistic roughness at the vessel wall, created locally low and oscillating ESS, unless it was systemically removed. 29 Nonetheless, the introduction of the novel technique and use of dedicated software enabled the reconstruction of coronary models and estimation of ESS with a high reproducibility within a feasible time on a desktop PC. 6, 8, 30, 31 In the present study, our high-fidelity simulations using eight CPUs required an average of 202 ± 46 min, and for practical use, time requirement can be further reduced by adjusting mesh size and optimizing computational domain. The application of 3D reconstruction of coronary arteries to CFD analyses has helped elucidate the pathophysiologic mechanism underlying the dynamic changes over time. The regional ESS patterns and circumferential ESS distribution were influenced by vascular Furthermore, low ESS led to plaque development and progression, as well as the formation of a rupture-prone thin-cap fibroatheroma. [35] [36] [37] In the Prediction of Progression of Coronary Artery Disease and Clinical Outcome Using Vascular Profiling of Shear Stress and Wall Morphology (PREDICTION) trial, low local ESS was an independent predictor of plaque enlargement and clinically relevant luminal obstruction. 10 Along with introduction of novel methods for ESS assessment, 38 haemodynamic analysis using elaborated fusion techniques will provide a better insight into the detection of high-risk plaques and event-prone lesions. 28 There are several limitations. First, the small sample size and potential selection bias may have affected the results. With limited view angles, the left circumflex coronary artery was not included. Second, although the flow rate calculated from the echocardiographicallymeasured left-ventricular mass was theoretically reasonable, the direct measurement of blood flow might provide better interpretation of the haemodynamic metrics. Third, although the major side branches in the ROI were considered, the exclusion of side branches that could not be reconstructed might lead to the overestimation of the flow rate in the distal main branch. 6 Forth, ECG-gating was not considered in the 3D fusion reconstruction. Nonetheless, because OCT imaging with higher pullback speed and shorter acquisition length is less affected by cardiac phase than IVUS, 39, 40 non-ECG-gated OCT showed a high agreement with ECG-gated IVUS in geometric reconstruction, suggesting that the consideration of ECG-gating was not likely necessary for the 3 D fusion with OCT. 31 Finally, the prognostic implication of different flow haemodynamics between two models was not investigated. 
